Wengrowski AM, Kuzmiak-Glancy S, Jaimes R 3rd, Kay MW. NADH changes during hypoxia, ischemia, and increased work differ between isolated heart preparations. Am J Physiol Heart Circ Physiol 306: H529 -H537, 2014. First published December 13, 2013; doi:10.1152/ajpheart.00696.2013.-Langendorff-perfused hearts and working hearts are established isolated heart preparation techniques that are advantageous for studying cardiac physiology and function, especially when fluorescence imaging is a key component. However, oxygen and energy requirements vary widely between isolated heart preparations. When energy supply and demand are not in harmony, such as when oxygen is not adequately available, the imbalance is reflected in NADH fluctuations. As such, NADH imaging can provide insight into the metabolic state of tissue. Hearts from New Zealand white rabbits were prepared as mechanically silenced Langendorffperfused hearts, Langendorff-perfused hearts, or biventricular working hearts and subjected to sudden changes in workload, instantaneous global ischemia, and gradual hypoxia while heart rate, aortic pressure, and epicardial NADH fluorescence were monitored. Fast pacing resulted in a dip in NADH upon initiation and a spike in NADH when pacing was terminated in biventricular working hearts only, with the magnitude of the changes greatest at the fastest pacing rate. Working hearts were also most susceptible to changes in oxygen supply; NADH was at half-maximum value when perfusate oxygen was at 67.8 Ϯ 13.7%. Langendorff-perfused and mechanically arrested hearts were the least affected by low oxygen supply, with halfmaximum NADH occurring at 42.5 Ϯ 5.0% and 23.7 Ϯ 4.6% perfusate oxygen, respectively. Although the biventricular working heart preparation can provide a useful representation of mechanical in vivo heart function, it is not without limitations. Understanding the limitations of isolated heart preparations is crucial when studying cardiac function in the context of energy supply and demand.
Langendorff; biventricular working; blebbistatin; nadh imaging; workload THE HEART IS RESPONSIBLE FOR pumping blood with vital supplies to the entire body and therefore requires a constant high rate of energy supply. Additionally, the heart has a large dynamic range with the capacity to increase its workload 10-fold and maintain this increase for extended periods of time. This metabolic requirement necessitates acute regulation of energy supply to match demand, as well as a constant adequate oxygen supply. Any limitation in energy supply is rapidly detrimental to cardiac function.
The demand for ATP and oxygen varies, depending on the amount of work being performed (12a, 17) . The amount of available ATP to the heart at any given time is enough for only a few beats and must constantly be resynthesized to keep up with utilization (16) . In the heart, 80 -90% of energy production occurs via oxidative phosphorylation (25) . Fats and carbohydrates are broken down and electrons are harvested, reducing NAD ϩ to NADH, (and, to a lesser extent, FAD ϩ to FADH 2 ). In the presence of oxygen, NADH (and FADH 2 ) are oxidized by the electron transport chain (ETC) where oxygen at Complex IV is the terminal electron acceptor. The proton motive force that is developed across the inner mitochondrial membrane during electron transfer is then used to synthesize ATP.
Study of ex vivo hearts provides many advantages: precise control of fuel supply and pressures, elimination of confounding variables such as hormonal changes, and the ability to image various fluorescent parameters, both endogenous and exogenous. Excised hearts are most commonly perfused retrogradely via the aorta as originally described by Langendorff (22) . In this way, the heart is not required to provide its own coronary perfusion as it must in vivo. Additionally, in many investigations, often those using fluorescence imaging, blebbistatin, or other electromechanical uncouplers are administered to suppress contraction. This results in a dramatic reduction in energy utilization, since actomyosin-ATPases account for ϳ75% of myocardial energy expenditure (27) . The biventricular working heart, introduced by Demmy et al. in 1992 (10) , contracts in the presence of both preload and afterload pressures and must provide its own coronary perfusion; thus work and oxygen demands are high. Due to these inherent differences in work demand, each heart preparation (biventricular working, Langendorff, and variations thereof) has distinct oxygen requirements. Oxygen can be a limiting factor in heart tissue that becomes ischemic and/or hypoxic, and insufficient oxygen availability can lead to an accumulation of NADH. Demand-induced ischemia may also occur during an episode of tacchycardia, when a fast heart rate is accompanied by a drop in aortic pressure that is inadequate for full coronary perfusion (23, 30) .
Fluorescent imaging of epicardial NADH (fNADH) has been demonstrated as a useful tool to gain insight into the redox state of cardiac tissue (1, 2, 14, 15, 17, 18, 20) . However, the effect of heart preparation on fNADH within the context of myocardial work load and oxygen supply is not well understood. fNADH imaging can provide critical information for defining the relationship between workload and oxygen deprivation that is essential for gauging the severity of ischemic events. The goal of this study was to explain how sudden changes in workload, hypoxia, and ischemia can affect NADH in different heart preparations, specifically in noncontracting Langendorff-perfused, Langendorff-perfused, and biventricular working hearts. This information is relevant to the optical mapping community where excitation-contraction uncouplers are routinely used for high-speed fluorescence imaging studies.
Understanding how mechanically uncoupled hearts behave differently from working hearts is important when the results of optical mapping studies are used to explain in vivo function.
The present study subjected Langendorff-perfused mechanically silenced hearts, Langendorff-perfused contracting hearts, and biventricular working hearts to three different pacing rates and observed the effect on fNADH. Additionally, the hearts were subjected to instantaneous ischemia and gradual hypoxia while imaging fNADH. This study is novel in its direct comparison of isolated hearts with varying degrees of mechanical functionality, time course fNADH data, and the effects of oxygen limitations resulting from both no-flow ischemia and full-flow hypoxia. Previous studies examined NADH changes during workload fluctuations in trabeculae (5, 6) and in left ventricular working hearts; however, the latter did not provide a time course for these changes (14) . It was predicted in the present study that biventricular working hearts would be the most sensitive to oxygen deprivation, as reflected by increases in fNADH, whereas mechanically arrested hearts would be the least susceptible to changes in fNADH during reduced oxygen availability. Due to the low levels of ATP utilization in mechanically arrested hearts, it was hypothesized that perfusate oxygen concentration must be reduced to levels lower than 50% before a marked increase in fNADH occurs since this would be observed almost immediately upon reduced perfusate oxygen concentration in working hearts. Investigators also hypothesized work jumps would result in a temporary oxidation of NADH, whereas return to baseline would result in a slight increase in fNADH as work demand decrease, indicating a momentary mismatch between energy supply and demand as cellular processes readjusted to the new workload. The findings demonstrate the greatest sensitivity of biventricular working hearts to oxygen deprivation, either by ischemia or hypoxia, whereas noncontracting hearts were the least sensitive. Interestingly, NADH was only affected by workload increases in biventricular hearts, with the highest heart rates resulting in an oxygen limitation.
MATERIALS AND METHODS

Heart Excision and Data Acquisition
Animal protocols were approved by the George Washington University's Animal Care and Use Committee. New Zealand white rabbits (n ϭ 18) were anesthetized with an intramuscular injection of ketamine (44 mg/kg) and xylazine (10 mg/kg). Heparin (2,000 units) was administered via an intravenous ear vein injection, followed by pentobarbital sodium (50 mg/kg). After the cessation of pain reflexes, hearts were quickly excised and Langendorff perfused within 1 min at 55 mmHg and 37°C on a biventricular working heart system (Hugo Sachs Elektronik) with a Krebs-Henseleit solution containing (in mM) 118 NaCl, 3.3 KCl, 2.0 CaCl 2, 1.2 MgSO4, 24.0 NaHCO3, 1.2 KH2PO4, 10.0 glucose, 2.0 sodium pyruvate, 10 HEPES, and 20.0 mg/l albumin (13) . Unless otherwise noted, perfusate was oxygenated with 95% O 2-5% CO2. While in Langendorff mode, 0.66 mol of 5-(and-6)-carboxy-2=,7=-dichlorofluorescein diacetate, succinimidyl ester (CICF) (Life Technologies) dissolved in DMSO was diluted in 5 ml perfusate and injected into the aortic chamber. Upon entry into cells, the acetoxy groups of CICF are cleaved, trapping the fluorescent marker. CICF fluorescence was then used to calculate a ratio with NADH to account for motion artifact and changes in epicardial illumination (due to contractions), changes in heart shape (due to swelling and shrinking during hypoxia and ischemia), and intrinsic fluorescence heterogeneities (due to epicardial fat, vessels, and connective tissue) (14) . Electrodes placed on the apex of the heart and the right and left atria were used to acquire ECG, and a bipolar stimulus electrode was placed on the right atrium for pacing. Pressure transducers measured aortic pressure, right and left atrial preload, and right ventricular afterload. Perfusate oxygen concentration was measured using flow-through optical oxygen sensors (Polestar, Needham Heights, MA). Data acquisition was via PowerLab (AD Instruments).
Heart Preparation
Hearts were prepared one of three ways: as biventricular working hearts, as Langendorff-perfused hearts, or as Langendorff-perfused hearts mechanically uncoupled with blebbistatin. To prepare working hearts, after cardiac function stabilized under Langendorff perfusion, the left atrium was cannulated and the heart was transitioned into left working heart mode. The inferior vena cava and pulmonary artery were then cannulated, and the heart was put into full working heart mode, as described previously (1) . Preloads and afterloads for working hearts were set based on individual heart performance. Only hearts able to maintain aortic pressures at or above 50 mmHg were used in analysis. To mechanically silence Langendorff-perfused hearts, 1 mol blebbistatin was dissolved in 30 ml perfusate and slowly injected into the aortic chamber (28) just before imaging. If cessation of contraction did not occur, an additional 0.5 mol was administered. Blebbistatin is an excitation-contraction uncoupler that eliminates contraction without affecting calcium cycling or electrical activity (11, 12) . No additional preparation was needed for Langendorff-perfused hearts.
Dual Epicardial NADH and CICF Imaging
Two UV LEDs with a peak wavelength of 365 nm (Mightex, Pleasanton, CA) were used to excite the epicardium for fluorescence imaging. Emitted light was separated using a 500-nm dichroic mirror. Reflected light was band pass filtered at 460 Ϯ 20 nm to image endogenous NADH fluorescence and transmitted light was band pass filtered at 585 Ϯ 10 nm to image CICF fluorescence. Because NADH bound to Complex I of the ETC results in an amplification of the NADH fluorescence, captured fluorescence was assumed to be of mitochondrial origin (3) . Addition of CICF did not increase the 460 Ϯ 20 nm filtered fluorescence signal, indicating no crosstalk of CICF into the NADH signal. Complete reduction of NADH during ischemia resulted in an increase in the 585 Ϯ 10 nm filtered fluorescence signal that was less than one third. This indicates the maximal contamination by NADH into the CICF filtered signal. As these signals were divided (see Data Analysis), this crosstalk would result in dampening, not amplification, of NADH changes. Aligned charge-coupled devices cameras (iXon DV860; Andor, Technology Belfast, UK) fitted with a dualport adaptor were used to image NADH fluorescence (fNADH) and CICF fluorescence (fCICF) signals. SOLIS software (Andor) was used to capture images at 2 frames per second throughout the experimental protocols.
Experimental Protocols
Pacing protocol. While ECG, pressure, and imaging data were collected, hearts were allowed to beat at normal sinus rhythm (NSR) for 25 s. Hearts were then paced at one of three pacing rates (330-, 220-, or 170-ms intervals) for 1 min after which pacing was terminated, and the heart was allowed to return to NSR while data were recorded for an additional 2 min. Hearts were allowed an additional 3 min of recovery time before the above was repeated at the remaining pacing rates, with the order of the rates randomized between studies. In working hearts, the protocol above was repeated; however, instead of pacing at 25 s, aortic pressure was dropped to 30 mmHg.
Hypoxia and ischemia protocols. After the completion of the pacing protocol, hearts were subjected to either gradual global hypoxia or instantaneous global ischemia. Gradual hypoxia was achieved by bubbling the perfusate with nitrogen gas to stepwise decrease oxygen concentration while perfusate oxygen content was continually monitored. Global ischemia was attained by physically shutting off flow to the aorta for Langendorff-perfused hearts. In working hearts, aortic pressure was reduced to 0 mmHg to induce global ischemia. Hearts were paced at 220 ms during the ischemia protocol.
Data Analysis
Data analysis was performed in SOLIS (Andor Technology) and Matlab (Mathworks, Natick, MA) to analyze images for changes in fNADH and fCICF during pacing, gradual hypoxia, and instantaneous ischemia. To analyze changes in fNADH and fCICF, a large region of interest excluding areas of epicardial fat was selected on the ventricle in SOLIS. Average fluorescence from the selected regions was exported to Matlab. A ratio of fNADH and fCICF signals (rNADH) was calculated to remove motion artifact and account for changes in heart size during ischemia in Langendorff-perfused and working hearts: rNADH ϭ fNADH/fCICF.
Because only working hearts experienced changes in rNADH during pacing, these studies warranted a method of normalization. The signals for pacing rates were normalized from 0 to 1, where 0 was the minimum rNADH value and 1 was the maximum NADH value reached for a given heart, yielding normalized rNADH values (nNADH): nNADH ϭ (rNADH Ϫ rNADH min)/(rNADHmax Ϫ rNADHmin).
Ischemia and hypoxia data from all hearts were normalized from 0 to 1 in the same manner, where 0 was the baseline minimum rNADH value and 1 corresponded to rNADH during maximum ischemia or hypoxia.
Statistical analysis was performed using unpaired Student's t-test after verifying data normality with a Kolmogorov-Smirnov test. Differences were considered significant when P Ͻ 0.05.
RESULTS
Effect of Pacing on fNADH
Pacing protocols were used to investigate the effects of increased workload on biventricular working and Langendorffperfused hearts. Three pacing rates were chosen to mimic varying degrees of work: 330 ms (182 beats/min, approximate NSR), 220 ms (273 beats/min, a 50% rate increase over NSR), and 170 ms (353 beats/min, simulation of extreme tachycardia). Average NSR for working hearts, Langendorff-perfused hearts, and noncontracting hearts were 141 Ϯ 50, 147 Ϯ 24, and 159 Ϯ 18 beats/min, respectively. Heart preparations were very stable over the experimental time period of ϳ3 h. The data in Table 1 , reported as end points expressed as a percentage of initial values, demonstrate a stability of heart rates, pressures, and fNADH. ECG traces and parameters are provided in Fig. 1 and Table 2 to show stability of electrical signals for the duration of the pacing protocol. Additionally, Table 2 provides a comparison of ECG parameters between Values are means Ϯ SD; n ϭ 3. Parameters (heart rate, fluorescent imaging of epicardial NADH, mean aortic pressure, and mean pulmonary pressure) are expressed as a percentage of initial values after complete experimental protocol, typically Ͻ3 h. N/A, not applicable. Values are means Ϯ SD; n ϭ 2. ECG parameters (R-R interval, P-R interval, QRS interval, and Q-T interval) for working, Langendorff, and mechanically arrested hearts are compared at the beginning and at the end of pacing protocols. In vivo values are also included for comparison. published in vivo data and the excised preparations used in the present study (21) . Under Langendorff perfusion, in contracting or mechanically silenced hearts, increased pacing rates had no effect on NADH fluorescence (⌬fNADH ϭ 3.76 Ϯ 1.16 and 2.89 Ϯ 1.41 arbitrary units, respectively; Fig. 2, A and B) . NADH remained stable even when pacing at 170 ms, a rate higher than the maximal heart rate of New Zealand rabbits (Fig. 2B) . In contrast, increased workload resulted in drastic NADH changes in biventricular working hearts compared with blebbistatin (P Ͻ 0.001) and Langendorff hearts (P Ͻ 0.001) (Figs. 2, A and B, and 3A) .
Immediately at the onset of pacing, a dip in fNADH was observed in working hearts at any pacing rate (Fig. 3A) . The fNADH dip was smallest in hearts being paced at 330 ms, near for a blebbistatin heart, Langendorff heart, and biventricular working heart; pacing was initiated at (*) and terminated at (ϩ). B: dynamic range of fNADH during a 170-ms pacing protocol, calculated as fNADHmax Ϫ fNADHmin as described in MATERIALS AND METHODS for blebbistatin hearts (white, n ϭ 6), Langendorff hearts (gray, n ϭ 7), and biventricular working (black, n ϭ 4). *P Ͻ 0.05 statistically different from working hearts. nNADH, normalized ratio of fNADH and fCICF signal values; AU, arbitrary units. NSR (5.8 Ϯ 1.9%), and greatest in hearts that were paced at 170 ms (16.3 Ϯ 5.4%; P Ͻ 0.05; Fig. 3B ). After the initial dip, fNADH rose in hearts paced at 220 and 170 ms (Fig. 3A) . The increase in fNADH was greater in hearts paced at 170 vs. 220 ms (P Ͻ 0.05; Fig. 3C ). Upon termination of pacing, fNADH demonstrated a small spike before decreasing back to the initial baseline value. Return to baseline fNADH occurred within 4 min in all hearts. Hearts subjected to a greater workload took longer to recover to fNADH baseline once work was suspended. Similar to the dips at the onset of pacing, the magnitude of the spikes in fNADH when pacing stopped increased with increasing pacing rate (P ϭ 0.01 for 170 ms; Fig. 3D ). A drop in aortic pressure accompanied the changes in fNADH at the onset of pacing at 170 ms (P Ͻ 0.005) and 220 ms (P Ͻ 0.05) (65.8 Ϯ 0.6% and 42.7 Ϯ 5.5%, respectively; Fig. 4, A and B) .
To compare the effect of the work jump with the effect of the decrease in aortic pressure that accompanied pacing at 170 ms, aortic pressure was manually decreased to 30 mmHg in working hearts. This resulted in a gradual rise in NADH that mirrored the rise that occurred during pacing at 170 ms; however, the dips and spikes that occurred during pacing were absent (Fig. 5) .
Effect of Gradual Hypoxia on fNADH
To observe the effect of decreased oxygen availability on NADH fluorescence, hearts were subjected to gradual hypoxia by decreasing oxygen in the perfusate while monitoring fNADH. Figure 6A shows a rise in fNADH and fCICF as the tissue becomes more hypoxic over time and expands in shape. The increase in NADH fluorescence as well as change in heart shape can clearly be seen in Fig. 6B . The fNADH/fCICF signal, rNADH, corrected for this change in tissue shape and as well as any movement. rNADH steadily increased as perfusate oxygen concentration decreased over time (Fig. 6C) . The data in Fig. 6C were then plotted to show rNADH as a function of oxygen percentage in Fig. 6D . rNADH clearly increases as perfusate oxygen concentration decreases (Fig. 6D) .
As oxygen concentration approached zero, NADH plateaued in biventricular working hearts and contracting Langendorff hearts (Fig. 7A) . A linear fit was applied to the last five points of each data set to determine the slope of each plateau at lowest oxygen concentrations, producing negligible slopes for both biventricular working (0.002 Ϯ 0.002; P Ͻ 0.05) and contracting Langendorff (0.008 Ϯ 0.004; P Ͻ 0.05) hearts. rNADH did not reach a plateau in hearts mechanically silenced with blebbistatin, even when perfusate oxygen reached 15%, maintaining a slope of 0.063 Ϯ 0.015 (Fig. 7D) . rNADH was normalized to maximum rNADH reached after 15 min of hypoxia (nNADH).
Biventricular working hearts were the most sensitive to the decrease in oxygen availability; as soon as oxygen concentration began to decrease, nNADH began to rise (Fig. 7A) . A 10% increase in nNADH was seen when oxygen concentration fell to 87.5 Ϯ 6.4%. The rise in nNADH in Langendorff and Langendorff hearts with blebbistatin tracked each other until oxygen concentration decreased below 75% at which point the two signals diverged. A 10% increase in nNADH occurred at an oxygen concentration of 74.0 Ϯ 2.8% in Langendorffperfused hearts and at 60.0 Ϯ 21.0% in hearts with blebbistatin (Fig. 7B) . The half-maximal value of nNADH in working hearts (P Ͻ 0.005) occurred when oxygen concentration reached 67.8 Ϯ 13.7%, whereas oxygen concentration had to decrease much more to reach half-maximal nNADH in Langendorff-perfused hearts (42.5 Ϯ 5.0%; P Ͻ 0.05) (Fig. 7C) . Mechanically uncoupled hearts were very insensitive to oxygen deprivation, with oxygen concentration decreasing to 23.7 Ϯ 4.6% before nNADH was half-maximal (Fig. 7C) . 
Effect of Instantaneous Ischemia on fNADH
fNADH was monitored in real time while hearts were subjected to global ischemia and then normalized to the maximum fNADH value reached. is defined as time to 66% rise in nNADH. Global ischemia resulted in a much faster increase in nNADH in biventricular working and Langendorff-perfused hearts than in mechanically arrested hearts ( ϭ 17.3 Ϯ 10.3, 43.5 Ϯ 21.2, and 100.0 Ϯ 64.4 s, respectively). Global ischemia was achieved in Langendorff and blebbistatin hearts by simply shutting off flow to the aorta. In working hearts, however, global ischemia was mimicked by reducing left ventricular afterload to 0 mmHg to terminate coronary perfusion. Figure 8B shows the drop in aortic pressure as LV afterload was reduced to 0 mmHg. Pressure was held at zero until fNADH reached a plateau, and then LV afterload was increased back to 60 mmHg for coronary perfusion and recovery of fNADH.
DISCUSSION
The present study demonstrates significant differences between heart preparations with respect to the effects of work jumps and hypoxia on NADH. First, the energetic demands of Langendorff-perfused mechanically silenced hearts are much lower than those of contracting Langendorff-perfused hearts, and these two models do not reproduce the metabolic demands of biventricular working hearts. The use of heart preparations that do not depend on their own function for sufficient coronary perfusion and have minimized energy requirements could result in misinterpretation of results when studying cardiac work, metabolism, and temporal changes in function that result from ischemia. Second, oxygen availability is of critical importance when studying cardiac tissue, and even a small reduction in perfusate oxygenation results in extreme consequences in ex vivo biventricular working hearts. Physiologically relevant perturbations, such as a 50% increase in heart rate, result in NADH accumulation.
NADH Dynamics During Changes in Workload
In biventricular working hearts, high pacing rates lead to a mismatch in energy supply and demand that is reflected in NADH. This is manifested as quick dips and spikes in NADH as work is applied and removed (Fig. 2A) . The initial, rapid dips in NADH at the onset of pacing are similar to those seen in rabbit trabeculae upon an increase in stimulation frequency (5, 6) and in isolated heart mitochondria upon the addition of ADP (4). When ATP utilization increases, NADH is oxidized as a result of the increase in the rate of oxidative phosphorylation. At first, the increase in NADH utilization via ETC flux is not matched by an increase in NADH production. With increased workload, cytosolic and mitochondrial Ca 2ϩ concentrations increase. This increase in Ca 2ϩ stimulates the enzymes involved in NADH production, specifically pyruvate dehydro- A: representative rise in nNADH after termination of flow at time ϭ 0 for a biventricular working heart (OE), Langendorff heart (), and blebbistatin heart (). B: representative trace of aortic pressure for a biventricular working heart as left ventricular afterload was decreased to 0 mmHg (*) to achieve global ischemia and then returned to 60 mmHg (ϩ) for recovery.
genase, 2-oxogluterate dehydrogenase, and isocitrate dehydrogenase (9, 24) . The dip in NADH recovers when the Ca 2ϩ stimulation of NADH production allows supply to again match demand (6) . Interestingly, the magnitude of the work-related decreases in NADH correlate with the amount of work being performed; faster pacing results in a greater dip at the onset of pacing (Fig. 3, A and B) . The rise in NADH seen after the initial drop when pacing at 220 and 170 ms is attributed to an oxygen limitation at these workloads. The drop in aortic pressure that accompanies high pacing rates results in a limitation in coronary perfusion. The energy required could not be met with the oxygen available to the cardiac tissue, causing a demand-induced ischemia (Fig. 3,  A and B) . The decrease in coronary perfusion, resulting in a decrease in oxygen availability, combined with an increased oxygen demand due to increased workload, results in severe hypoxia. The rise in NADH is greater at faster pacing rates, reflecting the severity of the hypoxia (Fig. 3, A and C) .
Upon the termination of pacing, there is a spike in NADH (Fig. 3, A and D) . This is consistent with findings in loaded rat trabeculae (5, 6) and can be explained by the Ca 2ϩ activation of NADH production during increased workload. When the heart returns to normal sinus rhythm, NADH production momentarily outpaces utilization, resulting in a transient increase in NADH. As mitochondrial [Ca 2ϩ ] decreases to baseline levels, NADH production and utilization are again matched. Aortic pressure returns to baseline, resuming adequate perfusion and oxygenation. Together, these result in a restoration of NADH to the initial baseline value. Interestingly, the 330-ms pacing rate, which is only slightly faster than sinus rhythm, displayed the work dip and spike associated with an increase and decrease in workload. We conclude this pacing rate results in small, transient mismatching of NADH supply and demand. However, this rate does not result in a drop in aortic pressure and is therefore not fast enough rhythm to cause demandinduced ischemia (Fig. 4A) .
Consistent with the conclusions that NADH dips and spikes are a result of changes in workload and the gradual rise in NADH during pacing is a result of inadequate coronary perfusion, when aortic pressure is manually reduced to the level achieved during pacing at 170 ms, there is a steady rise in NADH without NADH dips and spikes (Fig. 5) .
Both contracting and noncontracting Langendorff-perfused hearts are the most resistant to changes in NADH during pacing. Because 70 -80% of energy utilization in the heart is allocated for contraction (27) , noncontracting Langendorff-perfused hearts require energy only for Ca 2ϩ cycling, the firing of action potentials, and the maintenance of ionic gradients. Because little energy is required, oxygen demands are also very low, and it is not surprising there are no changes in NADH when heart rate increases ( Fig. 2A) . This was also true for Langendorff-perfused hearts. They are contracting, but do not have to sustain their own coronary flow. This constant perfusion provides adequate oxygen supply for changes in workload. It is also important to note that in the present study, Langendorff hearts did not contract against resistance, and it is reasonable to assume that the inclusion of a left ventricular balloon would increase the amount of work done by the ventricle, which would be reflected as changes in NADH during pacing.
NADH Dynamics During Ischemia and Hypoxia
The relative insensitivity of mechanically silenced hearts to changes in oxygenation is apparent since NADH did not rise dramatically during hypoxia until perfusate oxygen fell below about 30% (Fig. 7A) . Additionally, NADH took three times longer to reach a plateau during no-flow ischemia than any other preparation, demonstrating the extremely low energy utilization rate of noncontracting hearts (Fig. 8A) . Contracting Langendorff-perfused hearts are slightly more sensitive to changes in oxygen availability, with NADH rising more dramatically with a given decrease in oxygen concentration (Fig.  7A) . Langendorff-perfused hearts were sensitive to flow-off ischemia, however, and NADH rose almost as quickly as in working hearts (Fig. 8A) . Working hearts require the most energy to sustain contraction and are extremely sensitive to changes in oxygen availability. This was apparent since even a slight decrease in perfusate oxygenation resulted in a dramatic increase in NADH (Fig. 7A) . Additionally, when aortic pressure was dropped to 0 mmHg to produce global ischemia, the rise in NADH was extremely rapid, indicating the highest energy utilization in this preparation (Fig. 8A) .
A Shortcoming of the Biventricular Working Heart Preparation and Study Limitations
Although biventricular working hearts share functional similarities with their in vivo counterparts, fNADH imaging has revealed an important difference: biventricular working hearts are highly sensitive to perfusate oxygen level. We observed fNADH elevations when perfusate oxygenation was not maintained above a certain threshold (ϳ80%-90% in the present study), indicating a deficit in myocardial oxygenation. Increasing the oxygen carrying capacity of perfusate would likely improve biventricular mechanical function. Indeed, perfusion of a working rabbit heart with red blood cells at 15% hematocrit improved mechanical function over that of K-H buffer alone (8) . However, red blood cell perfusion has concomitant limitations as hemoglobin interferes with fluorescence imaging. Other differences between excised biventricular working hearts and hearts in vivo are the presence of vasodilators that adapt vasculature to changes in blood pressure and the availability of fatty acid substrates for fuel. Blood flow can increase with increasing heart rate to keep tissue adequately perfused (15, 19, 29) . Inclusion of a vasodilator such as nitroprusside and fatty acids such as palmitate may prove better at simulating in vivo conditions with an ex vivo working heart preparation and could improve overall function (2) .
Several possible limitations of our studies include the removal of the pericardium and slight cooling of the epicardial surface during global ischemia. Removal of the pericardium has advantages for epicardial imaging; however, if it is intact it may counteract heart chamber overdistension during diastole. Aortic flow was stopped to induce ischemia. Because hearts were not submerged in a temperature-controlled environment, the lack of heating from coronary flow during ischemia would result in gradual cooling of the epicardial layer. The potential risk of ischemic damage during the heart excision and cannulation heart procedure is also a limitation, so procedure times were minimized. Finally, a cautionary note: the wavelengths at which NADH is imaged should be carefully selected to prevent signal contamina-tion by absorbance changes of other tissue components, such a myoglobin (26) .
Conclusions
Mechanically silenced hearts have very low ATP and oxygen demands, which is reflected in no measureable changes in NADH upon increases in workload and extremely slow rises in NADH when coronary oxygen is limited. Although beneficial for fluorescence imaging studies, this preparation does not mimic mechanical in vivo heart function. Unloaded contracting Langendorff-perfused hearts demonstrate a higher sensitivity to oxygen limitations during ischemia and hypoxia; however, they are not affected by changes in workload. Biventricular working hearts have much higher ATP and oxygen demands, and even a slight decrease in oxygen availability results in a measureable accumulation of NADH. Fast pacing results in an initial dip in NADH and a spike upon return to NSR, consistent with increased ATP turnover and Ca 2ϩ activation of NADH production. This preparation, however, is subject to demandinduced ischemia, since fast pacing decreases aortic pressure and results in an accumulation of NADH. The working heart contracts against physiologic preload and afterload pressures and supplies its own coronary perfusion, making it mechanically suitable for certain heart studies. It is not, however, without shortcomings. Because optical mapping studies are performed to attain a more complete picture of mechanical, electrical, and metabolic components, it is important to consider the benefits and limitations of isolated heart preparations when choosing a technique and interpreting data.
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